We previously have characterized a pathogenic mtDNA mutation in the tRNA Asn gene. This mutation (G5703A) was associated with a severe mitochondrial protein synthesis defect and a reduction in steady-state levels of tRNA Asn . We now show that, although transmitochondrial cybrids harboring homoplasmic levels of the mutation do not survive in galactose medium, several galactose-resistant clones could be obtained. These cell lines had restored oxidative phosphorylation function and 2-fold higher steady-state levels of tRNA Asn when compared with the parental mutant cell line. The revertant lines contained apparently homoplasmic levels of the mutation and no other detectable alteration in the tRNA Asn gene. To investigate the origin of the suppression, we transferred mtDNA from the revertants (143B/206 TK -) to a different nuclear background (143B/207 TK -, 8AG r ). These new transmitochondrial cybrids became defective once again in oxidative phosphorylation and regained galactose sensitivity. However, galactose-resistant clones could also be obtained by growing the 8AG r transmitochondrial cybrids under selection. Because the original rate of reversion was higher than that expected by a classic second site nuclear mutation, and because of the aneuploid features of these cell lines, we searched for the presence of chromosomal alterations that could be associated with the revertant phenotype. These studies, however, did not reveal any gross changes. Our results suggest that modulation of the dosage or expression of unknown nuclear-coded factor(s) can compensate for a pathogenic mitochondrial tRNA gene mutation, suggesting new strategies for therapeutic intervention.
INTRODUCTION
The human mitochondrial genome is a 16 569 bp circular molecule, containing genes that are necessary for the synthesis of the catalytic components of the oxidative phosphorylation (OXPHOS) system (1) . Although the mitochondrial DNA (mtDNA)-coded subunits of the OXPHOS system are essential for mitochondrial respiration and ATP production, they are intrinsically dependent on factors encoded by the nuclear DNA, synthesized in cytosolic ribosomes and imported into the mitochondria. These include factors that regulate mtDNA gene expression, such as mitochondrial DNA and RNA polymerases, mitochondrial transcription factors, RNA processing and modifying enzymes, transcription termination factors, mitochondrial ribosomal proteins, aminoacyl-tRNA synthetases and translation factors (2) .
Mitochondrial DNA mutations have been associated with a variety of human diseases (3) . Mutations in tRNA genes are particularly common in the patient population, possibly because of their generalized effect in mitochondrial protein synthesis. These mutations are often present in a heteroplasmic form (i.e. there is a mixture of mutated and wild-type mtDNA in the cells) and may affect specific interactions with nuclearcoded factors, thereby affecting function and OXPHOS efficiency. Other mitochondrial tRNAs could also function as phenotypic suppressors, as recently described for the tRNA Leu(UUR) A3243G mutation (4) .
We previously have characterized a point mutation in the human mtDNA of a patient with a mitochondrial myopathy (5) . This mutation (G5703A) was characterized further in transmitochondrial cybrids and it was shown that it was associated with a severe OXPHOS defect and a marked reduction in the levels of tRNA Asn (6) . We have now observed that under selective pressure, some transmitochondrial cybrids containing essentially homoplasmic levels of the G5703A mutation could regain normal mitochondrial function, in a process that appears to be associated with changes in the nuclear background.
RESULTS

Isolation and genetic characterization of cells harboring a pathogenic mtDNA mutation with normal respiratory phenotypes
We observed that a cell line homoplasmic for a G5703A mutation in tRNA Asn (W72) was not able to grow in a medium where glucose was replaced by galactose as carbon source (data not shown). This growth feature was predictable as galactose can only generate ATP efficiently by the OXPHOS system (7) , and W72 cells have severely impaired respiration (6) . As part of an unrelated project, we used the galactose sensitivity as a selection system in an attempt to introduce gorilla mtDNA into W72 cells. After fusion of gorilla cytoplasts with W72 and selection in galactose medium, we isolated nine independent growing clones, three of which had gorilla mtDNA. The remaining six clones had apparently homoplasmic levels of the G5703A mutation (gWG clones; Fig. 1C-D) and this stimulated us to investigate further the cause of this apparent spontaneous reversion.
To ensure that the isolation of the galactose-resistant cells harboring the mutated mtDNA was not related to the fusion with gorilla cytoplasts, we exposed 3 × 10 6 W72 cells to galactose medium and identified 45 clones which could grow in this medium. Ten of these clones were isolated (gWL clones), all of which apparently contained only G5703A mutated mtDNA as determined by a PCR/DdeI restriction fragment length polymorphism (RFLP) method (data not shown).
Although our detection limits for the G5703A mutation at the DNA level are >1% of wild-type mtDNA (Fig. 1E) , it was possible that the presence of increased wild-type mtDNA would cause the cells to grow in galactose. We have shown previously that the mutated tRNA Asn is very unstable and has drastically reduced steady-state levels when compared with the wild-type tRNA Asn (6) . Therefore, we determined the percentage of mutated tRNA Asn in the revertants, hoping that if wildtype tRNA Asn was present, it would be overrepresented at the RNA level and we would be able to detect it. We amplified the tRNA Asn by RT-PCR and once again were able to detect only mutated sequences in the galactose-resistant clones after RFLP analysis (Fig. 1C) . We also measured the levels of mtDNA relative to the nuclear 18S rDNA and found no correlation between the revertant phenotype and relative levels of mtDNA. In fact, the original mutant W72 cell line had higher mtDNA levels than the revertants (Fig. 2) .
Functional analyses of revertant clones
Representative clones that were able to grow in galactose medium were characterized further at the functional level. Because their ability to grow in galactose medium suggested a robust OXPHOS capacity, we measured oxygen consumption in revertant clones and controls. Galactose-resistant clones respired at levels that were equal to or higher than those of controls, which were 5-fold higher than the original W72 mutant values (Fig. 3A) . Mitochondrial protein synthesis was also analyzed by labeling cells with [ 35 S]methionine in the presence of a cytosolic protein synthesis inhibitor. As observed previously, W72 had a severely impaired mitochondrial protein synthesis (6), but the revertant clones showed normal mitochondrial protein synthesis capacity (Fig. 3B) .
tRNA Asn steady-state levels
The defective mitochondrial protein synthesis in clone W72 previously has been associated with a decrease in steady-state levels of tRNA Asn (6) . The levels of tRNA Asn and tRNA Phe were investigated in the revertant clones and controls by high resolution northern analysis (Fig. 4) . Compared with clone W20 (wild-type control), W72 had a 85% reduction in steady-state levels of tRNA Asn relative to the mitochondrial tRNA Phe , whereas this reduction was much milder in the revertants. The levels observed in the revertants were~2.5-fold higher than the levels observed in W72, but still lower than the levels in the wild-type control cell line (W20). This observation suggests that the increase in tRNA steady-state levels was just enough to cross a threshold necessary to achieve 'normal' mitochondrial protein synthesis. Where is the factor responsible for the revertant phenotype encoded?
Is it in the mitochondria? Although all our attempts to detect low levels of wild-type mtDNA at position 5703 failed, it was still possible that the reversion determinant was encoded by the mtDNA. Because the G5703A mutation disrupts a base pair in the anticodon stem ( We investigated these possibilities by directly sequencing PCR-amplified DNA segments corresponding to the tRNA Asn gene from the revertant clones gWG5, gWG6 and gWG9, and from W72. Sequencing results did not reveal any differences between the clones (data not shown). We paid particular attention to potential heteroplasmic changes, but small artifactual peaks in the automated sequence were also observed in the W72 control. Because the nucleotide base-pairing with the 5703 position in the tRNA cloverleaf structure would be the most likely candidate for a second site suppressor, we analyzed this position in more detail by PCR/RFLP. A change at position 5687 which would restore a base pairing (C→T) would also disrupt another DdeI restriction site (CTTAG→TTTAG). Therefore, the same experiment performed to identify the Figure 2 . mtDNA levels in galactose-resistant cell lines. The levels of mtDNA relative to the nuclear 18S rDNA were determined by Southern blots using two probes simultaneously (see Materials and Methods). This analysis showed that the reversion was not caused by up-regulation of mtDNA steady-state levels. Different cell lines harboring either homoplasmic mutated or wild-type and heteroplasmic mtDNA were analyzed. Cell lines represented by black bars showed a defective OXPHOS function, whereas cell lines represented by gray bars had normal respiration. The replacement of the nuclear background (8AG r clones) did not affect relative mtDNA levels. Oxygen consumption was restored to normal levels in the galactose-resistant clones (gWG9 and gWL4). However, the respiratory-competent phenotype was lost after transfer of their mtDNA to a different nuclear background (gWG9/8AG r -2, gWG9/8AG r -9). Oxygen consumption was measured with a Clark electrode as described in Materials and Methods. (B) Mitochondrial protein synthesis, measured by [ 35 S]methionine incorporation in the presence of emetine, was greatly improved in the galactose-resistant clones. Labeled cells were solubilized in SDS and subjected to SDS-PAGE. The gel was treated for fluorography and exposed to an X-ray film. Mitochondrially synthesized polypeptides were assigned as described (20) .
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http://hmg.oxfordjournals.org/ Downloaded from G5703A mutation would show the presence of a mutation at position 5687. The putative mutation would create a 53 bp fragment in the PAGE shown in Figure 1C , but such a fragment was not observed. As shown in Figure 1 , there were no differences between W72 and the revertant clones after DdeI digestion of PCR fragments.
Is it in the nucleus?
Because of the lack of evidence suggesting that the reversion was determined by the mtDNA, we devised experiments to test a potential nuclear origin of this phenomenon. This was accomplished by transferring the mtDNA from the revertants to another nuclear background and analyzing the respiratory phenotype of the resulting cell lines. We created a 143B/206 (TK -)-derived cell line (an mtDNAless cell line) containing an additional recessive nuclear marker by selecting for cells resistant to 8-azaguanine (8-AG; see Materials and Methods for details). We termed this ρ°cell line 143B/207 (TK -, 8AG r ). Cytoplasts produced from gWG9, W72 and W20 (wild-type control) were fused to the 143B/207 ρ°line, and clones capable of growing in the presence of 8-AG and in the absence of uridine were isolated. The mtDNA genotype of the new transmitochondrial cybrids was confirmed to be identical to that of their parental mtDNA donors by PCR/ RFLP (data not shown). MtDNA levels were measured by Southern blot using a multicopy nuclear gene (18S rDNA) as an internal reference (Fig. 2 ). All cell lines had comparable steady-state levels of mtDNA. The only exception was W72, which had relatively higher mtDNA levels (Fig. 2) . The respiratory phenotype was studied in several independent 143B/207 transmitochondrial cybrid clones. 143B/207-derived clones harboring gWG9 mtDNA lost their respiratory prowess, and showed oxygen consumption rates that were undistinguishable from those of 143B/207 clones harboring the original mutant W72 mtDNA (four independent W72/8AG r ). We studied oxygen consumption in nine independent gGW9/ 8AG r clones and all of them showed very low oxygen consumption. 143B/207 clones harboring the control W20 mtDNA (four independent W20/8AG r ) showed robust respiratory rates. Figure 3A illustrates these findings for a representative group of 8AG r clones. When a defective 143B/207 transmitochondrial cybrid containing gWG9 mtDNA was exposed to galactose medium, once again surviving clones were obtained, at a frequency that was similar to the previous selection.
Is the revertant phenotype associated with gross chromosomal changes?
The high frequency of phenotypic reversion following galactose selection of clone W72 (~15 revertants/10 6 cells) and the fact that 'second round' transmitochondrial cybrids also produced revertants suggest that the mechanism does not involve classical second site mutations (which should occur at a much lower frequency). A potential source of nuclear changes is the chromosomal instability observed in these osteosarcomaderived cells. We looked for overall changes in chromosome number by counting metaphase chromosomes in each of three cell lines. The total chromosome counts showed that clone W72 (87.3 ± 4.6, n = 18) was statistically different from gWL4 (79.8 ± 4.3, n = 18; P < 0.001) but not from gWG9 (87.1 ± 17.4, n = 18; P = 0.9). Chromosome rearrangements in the same three cell lines were examined using combinatorially coded multi-target fluorescence in situ hybridization (M-FISH) (9) . Three karyograms of single metaphase spreads from each cell line are presented in Figure 5 , where the origin of chromosome material is indicated by a unique color for each of the 24 different chromosomes. Each rearranged chromosome is grouped with the normal chromosomes according to its major chromosome component. To assist interpretation of http://hmg.oxfordjournals.org/ Downloaded from these highly rearranged metaphases, the number of apparently normal chromosomes in each chromosome class, as well as the number of structurally altered regions originating from each class, are listed in Table 1 for each of two metaphase analyses for each cell line. The chromosome painting results showed a high degree of aneuploidy and structural rearrangements within all three cell lines tested. Sufficient structural differences exist between individual revertant and the parental W72 cell lines to account for the reverted phenotype; however, no consistent changes could be correlated unambiguously with reversion.
DISCUSSION
The present work showed that defective phenotypes caused by mtDNA mutations can be reverted, in a process that seems to be associated with changes in the nuclear background. However, the high rate of reversion (10 5 ) suggests that a classical second site mutation is not responsible for the reversion. We attempted to detect the presence of low levels of wild-type mtDNA in the revertants, the most likely explanation for the phenotypic revertants, but all our attempts failed. Because of the low steady-state levels of the mutated tRNA Asn , we also tried to detect wild-type sequences at the tRNA level but, again, only mutated sequences could be identified. The revertant phenotype was lost when mitochondria were transferred to a different nuclear background, but new revertants could again be obtained in this new nuclear environment. Formally, we cannot rule out that there was an undetectable increase in the levels of wild-type sequences in the revertants (e.g. from 0.01 to 0.1%). These small amounts of wild-type mtDNA could be reduced during the transfer of mitochondria to a new nuclear background, making the cell respiration-defective again. However, a number of observations suggested that this is probably not the case. RT-PCR/RFLP was unable to detect wild-type sequences in the revertants' tRNA Asn pool. The steady-state levels of the tRNA Asn were increased in the revertants and, if the increase observed (>2-fold) was due to the presence of Table 1 . Results of chromosome analyses of mtDNA G5703A phenotypic revertants using combinatorially labeled M-FISH Combinatorially labeled M-FISH reagents were hybridized to six different metaphases spreads, two from each of the cell lines W72, gWG9 and gWL4 (meta 1 and meta 2). Listed are the number of normal chromosomes of each class found in each metaphase spread (normal = no structural rearrangements and normal gross morphology) and the number of rearranged regions originating from each chromosome class (including abnormally short or long chromosomes). (6)].
In addition, the replacement of the nuclear background eliminated the suppressor phenotype. A mutation in another mitochondrial tRNA could also suppress a mitochondrial protein synthesis defect by a mechanism resembling nonsense tRNA suppression (12) . However, we do not believe this is the case because: (i) there is only one tRNA Asn in human mitochondria, and suppression by the incorporation of a different amino acid into asparagine positions would probably affect the structure of mtDNA-coded polypeptides and, consequently, OXPHOS function; and (ii) the mechanism for the phenotypic reversion seems to be associated with the observed increase in steady-state levels of tRNA Asn , as the low levels of tRNA Asn observed in these mutated cell lines are likely to cause the impaired mitochondrial protein synthesis (6). We have not been able to determine whether aminoacylation was impaired in the mutated tRNA Asn (6) , and an improvement in amino acid addition to the mutated tRNA Asn potentially could increase its stability. Considering these two potential mechanisms of reversion, how could changes in the nuclear background improve tRNA Asn function in protein synthesis? A relative decrease in the amount of mitochondrial RNases could lead to a mild increase in steady-state levels of tRNA Asn . Likewise, an increase in asparaginyl-tRNA Asn synthetase levels could also have a similar positive effect on tRNA stability and protein synthesis. In addition, any metabolic reaction related to these processes could be involved in a suppression mechanism. Chromosomal studies did not show any gross pattern of alterations which correlated with the reversion, but the chromosomal instability observed in these cells makes this analysis difficult, and undetected changes may still alter the expression of specific genes involved in mitochondrial tRNA metabolism. In any case, it is possible that specific changes in chromosomes or genes were already present in some cells of the genomically unstable parental W72 cell line, and replacing glucose with galactose permitted only those clones to grow.
Nuclear suppression of mitochondrial translational problems has been reported in different organisms. A reduction in the levels of a cytoplasmic ribosomal protein suppressed a mutation in the initiation codon of the mitochondrial COX III in yeast, probably because of changes in cytoplasmic translation accuracy or products that affect mitochondrial protein synthesis (13) . There are few reports of suppression of a mutated tRNA function. Additional copies of the mitochondrial Ef-Tu and aspartyl-tRNA synthetase were found to compensate for the impaired maturation of a mutated yeast mitochondrial tRNA Asn (14) . Recently, El Meziane et al. (4), described a second site suppressor for the mitochondrial tRNA Leu(UUR) A3243G mutation. The suppression was due to a mutation in the tRNA Leu(CUN) gene making it able to recognize UUR codons. They also proposed that a modified form of the wildtype tRNA Leu(CUN) could promote translation of UUR codons at low levels (15) . Our cell lines revertant for the tRNA Asn G5703A mutation, however, do not seem to originate by either mechanism, as there is only one tRNA Asn in human mitochondria and our results point to the nuclear background as the source of the reversion. Although a great deal of additional work will be necessary to pinpoint the cause of the reversion, the present results suggest a potential new pathway for therapeutic interventions in mitochondrial disorders.
MATERIALS AND METHODS
Cell lines
The 143B (TK -) and its mtDNA-less derivative 143B/206 (TK -) were a kind gift of Michael King (Thomas Jefferson University, Philadelphia, PA) and were cultured as previously described (16) . Cell lines harboring a pathogenic mtDNA point mutation in the tRNA Asn gene and cell lines harboring the same haplotype with the wild-type version of the tRNA Asn gene were characterized previously (6) . Briefly, W20 was a clone containing essentially only wild-type mtDNA, and W72 contained essentially only mutated mtDNA. Clones W78 (76% mutated) and W91 (47% mutated) were heteroplasmic.
Production of 8AG r transmitochondrial cybrids
Approximately 2 × 10 5 ρ°143B/206 (TK -) cells were exposed to 250 µg/ml of ethyl methanesulfonate (EMS) for 18 h. After removal of EMS, cells were washed with phosphate-buffered saline twice, and placed in complete culture medium. After incubation for 24 h, the cells were replated into six 100 mm 2 dishes and selected in the presence of 20 µg/ml 8-AG (Sigma, St Louis, MO). Two individual clones were isolated after 14 days of 8-AG selection (termed 143B/207 and 143B/208). Although it is possible that the resistance to 8-AG is unrelated to the HPRT locus, the latter is the most probable explanation for the 8-AG resistance. In any case, the resistance to 8-AG was shown to be a useful recessive marker, as hybrids produced between this cell line and 8-AG-sensitive cell lines were also sensitive to 8-AG (data not shown). Enucleated transmitochondrial cybrids (TK -) were fused to the mtDNA-less 143B/207 (TK -, 8AG r ) cell line as described (7) . Parental cell lines were killed either by 8-AG (original transmitochondrial cybrids) or by the lack of uridine in the medium (143B/207 TK -, 8AG r ). Cell lines harboring a point mutated mtDNA were killed by galactose medium (7) . The overall number of clones was determined by staining representative plates with toluidine blue and extrapolating the number of growing clones to the number of plates. Clones of interest were isolated with the aid of cloning rings and analyzed by Southern blot or PCR-RFLP (6).
Southern analyses
A 5 µg aliquot of total DNA purified from the different cell lines was digested with XbaI, electrophoresed through 0.8% agarose, transferred to Zeta-Probe membranes (Bio-Rad, Hercules, CA) and hybridized to an [α-32 P]dCTP-labeled probe, a 16.4 kb PCR fragment encompassing nearly the whole human mtDNA [nucleotide positions 10-16 496 (1)]. For determination of the ratio of mtDNA to nuclear DNA, 5 µg of total DNAs were digested with PvuII. After electrophoresis and transfer, the Zeta-Probe membrane was hybridized with two probes simultaneously. One probe was an [α-32 P]dCTPlabeled PCR fragment corresponding to mtDNA positions 8289-10 256. The second probe was an [α-32 P]dCTP random prime-labeled 5.8 kb EcoRI insert from a plasmid containing the nucleus-encoded 18S rRNA gene (17) .
DNA sequencing
Sequencing of the mitochondrial tRNA Asn gene in revertant cells and controls was performed on PCR fragments amplified using primers corresponding to mtDNA positions 5472-5493 and 5798-5776. DNA fragments were purified from agarose gels by the QIAEX DNA purification kit (Qiagen, Chatsworth, CA) and were sequenced in an ABI automatic sequencer.
High resolution northern blots
Eight micrograms of total RNA samples extracted by the RNeasy Mini kit (Qiagen) were separated on high-resolution PAGE/northern blots essentially as described (6) . To estimate the steady-state levels of tRNA Asn , a [γ-32 P]ATP 5'-end-labeled 39mer oligonucleotide (corresponding to mtDNA positions 5660-5698) was used as a probe. As an internal control, a 43mer oligonucleotide complementary to tRNA Phe (mtDNA positions 577-617) end labeled with [γ-32 P]ATP was also used in the same blot after stripping the first probe.
RT-PCR/RFLP
RT-PCR analysis of mutated tRNA Asn was performed using 5 µg of total RNA samples treated with 2.5 U of RNase-free DNase I (Promega, Madison, WI) for 1 h at 37°C. The reaction products were extracted with phenol and precipitated with 70% ethanol. One microgram of total RNA was incubated with a 22mer oligonucleotide (corresponding to mtDNA positions 5708-5729) for 10 min at 37°C, mixed with a solution containing 0.1 M dithiothreitol, 10 mM dNTP and 200 U of superscript II (Life Technologies, Grand Island, NY), and incubated for 50 min at 42°C. First strand cDNAs (1 µl) were used to perform PCR (using the primer described above and a second primer corresponding to mtDNA positions 5657-5681). For the determination of mutated/wildtype ratios, DdeI RFLP analysis after a 'last-cycle hot' PCR (18) was performed as previously described (6).
Respiration assays
Oxygen consumption was measured in a Hansatech Oxygen Monitoring System (Hansatech Instruments, Norfolk, UK). Measurements were carried out at 37°C with~6 × 10 5 exponentially growing cells, trypsinized and resuspended in 0.3 ml of buffer containing 0.3 M mannitol, 10 mM KCl, 5 mM MgCl 2 , 10 mM KPO 4 (pH 7.4), and 1 mg/ml of bovine serum albumin as described (19) . The rates of oxygen consumption were normalized by protein concentration. Protein content was determined using a Bio-Rad protein determination reagent.
Mitochondrial protein synthesis
Exponentially growing cybrids 143B and 143B/206 were labeled with [ 35 S]methionine (1175 Ci/mmol, 250 µCi/ml) for 30 min at 37°C in the presence of emetine (100 µg/ml) as previously described (20) . Thirty-five micrograms of total cellular proteins were analyzed on a 15-20% exponential gradient PAGE, subjected to fluorography after electrophoresis, and exposed to X-ray film for 3 days (20) .
Chromosomal analyses
FISH was performed on metaphase preparations of W72, gWG9 and gWL4 cells prepared by conventional cytogenetic methods. In brief, cells in culture were exposed to colcemid to arrest some of the dividing cells in metaphase. The cells were then treated with trypsin, swelled in KCl hypotonic solution and suspended in Carnoy's fixative (3:1 methanol:acetic acid). The fixed cell suspensions were dropped onto glass slides under humidified conditions and allowed to dry slowly. After 24 h at ambient temperature, the slides were stored with desiccant at -20°C until used. The hybridization probes were a mixture of whole chromosome painting probes for the 24 human chromosomes, combinatorially labeled with five different fluorophores (SpectraVysion probe set; Vysis, Downers Grove, IL), which provides simultaneous identification of all chromosomal DNA with respect to chromosome of origin. In situ hybridizations were performed according to the SpectraVysion product insert, and the resulting stained metaphase spreads were imaged on a Zeiss Axiophot fluorescence microscope, and analyzed using Vysis SpectraVysion image analysis software. Six single bandpass filter sets were used to select the fluorescence from each of the five probes labels and the 4',6-diamidino-2-phenylindole (DAPI) counterstain. Chromosome assignments were based upon the relative intensities of each of the five probe labels measured at each image pixel, with unique combinations of 1-3 different labels corresponding to each of the 24 different chromosomes. For visualization purposes, each of the 24 combinations was assigned a unique color, and that color was assigned on a pixel-by-pixel basis to create a color composite image of the metaphase spread. Chromosome counting was performed by visual inspection of DAPI-stained metaphase spreads.
